In semiarid areas, cereal crops often allocate more biomass to root at the expense of aboveground yield. A pot experiment was conducted to investigate carbon consumption of roots and its impact on grain yield of spring wheat (Triticum aestivum L.) as affected by water and phosphorus (P) supply. A factorial design was used with six treatments namely two water regimes (at 80-75% and 50-45% field capacity (FC)) and three P supply rates (P1=0, P2=44 and P3=109 µg P g -1 soil). At shooting and flowering stages, root respiration and carbon consumption increased with the elevate of P supply rates, regardless of water conditions, which achieved the minimum and maximum at P1 under 50-45% FC and P3 under 80-75% FC, respectively. However, total aboveground biomass and grain yield were higher at P2 under 80-75% FC; and decreased with high P application (P3). The results indicated that rational or low P supply (80-75% of field water capacity and 44 mg P kg -1 soil) should be recommended to improve grain yield by decreasing root carbon consumption in semiarid areas.
Introduction
In semiarid areas, crop yields are usually reduced by low water and nutrient availability. In the Loess Plateau of China, total annual precipitation is varying from 200 to 700 mm. These conditions significantly restrict the productivity in and soil water which is unfavorable to grain production (Ma et al. 2008 . Passioura (1983) proposed that if carbon consumption of roots decreased, crops under water stress will maintain a positive carbon balance and more assimilates will be released for grain production. Du et al. (2012 Du et al. ( , 2013 has found that the new breeding spring wheat cultivar in Loess Plateau with small root size benefit its grain yield under drought condition. However, information on the relationship between carbon consumption and grain yield of spring wheat under limited water and phosphorus (P) supply-condition is till meager.
In order to increase grain yields in water-limited areas, regulating carbon allocation of crops through optimizing water and P management is very important. A pot experiment with spring wheat (Triticum aestivum L.) was conducted to determine (i) the response of carbon consumption of wheat roots to different water and P treatments; (ii) the different impacts of water and P on wheat yield and water use efficiency; and (iii) the relation of carbon consumption of roots and grain yield.
Materials and methods

Experimental conditions
The experiment was conducted at the Yuzhong Experimental Station of Lanzhou University in Yuzhong County in China (35°51´N, 104°07´E, altitude 1 620 m above sea level) from March to July of 2007. The experimental site was representative of the semi-arid climate in northwestern China, with 329 mm rainfall, 1 703 mm evaporation, 14.2°C mean temperature, and 58% relative humidity during the growing season. The spring wheat cultivar Longchun 8275 was used in the present experiment, which was widely adapted in the semiarid regions of the Loess Plateau of China. Each non-drained plastic pot (260 mm diameter×300 mm high) was filled with 8.5 kg 1:5.2 (v/v) mixture substrate of vermiculite and loess soil (Calcic Kastanozems, FAO). In order to avoid or decrease the impact of soil original P, the soil was collected from 2 m below ground. The soil was a loess-like loam with a pH of 8.3, inorganic N of 0.10 µg g -1 soil, available P of 3.5 µg g -1 soil, K of 86.9 µg g -1 soil and organic matter of 6.2 g kg -1 . Mixture substrates were air dried and passed through a 2-mm sieve. Before sowing, N (2.54 g N as NH 4 NO 3 ) and K (2.91 g K as K 2 SO 4 ) were applied to each pot so that the nutrition was not limited. Phosphorus added as Ca(H 2 PO 4 ) 2 ·H 2 O was ground to powder, mixed with the above mentioned mixture substrate in an end-over-end shaker and applied to the soil in rates of 0 (P1), 44 (P2) and 109 (P3) μg P g -1 dry soil. Twenty-five seeds were sown in each pot on late March, and thinned to 16 plants after germination. After thinning, all plants were irrigated on a daily basis with deionized water to maintain the soil moisture content at 80-75% field capacity (FC) until commencement of further water treatments. Water treatments were imposed from trefoil stage to maturity at 80-75% and 50-45% FC, respectively. The experiment comprised of 54 pots in total (three replications for each water and P fertilizer combination at three harvest stages) and plants were grown in a rainout shelter (50 m long×24 m wide×5.7 m high) that was closed during rain events. Additionally, 18 pots without planting (three replications for each water and P fertilizer combination treatment) were used to measure soil microbial respiration.
Data sampling
Plant height and total leaf areas were measured at shooting (55 days after sowing (DAS)) and at flowering (71 DAS). The length and width of individual leaves of two plants in each pot was recorded to calculate the total leaf areas per plant. Total leaf areas per plant is the sum of individual leaf area, which was calculated as:
Leaf area=Length×Width×0.83 After measuring plant height and total leaf areas, the plant and soil were harvested destructively to determine carbon consumption of root. According to Kelting et al. (1998) , a combination of excised-root respiration method and basal respiration method was used to estimate three components of whole-soil respiration. Shoots were cut off at soil level before root respiration measurements. After excision, all roots were taken out and immediately measured using an infrared gas analyzer (LI-6400, Li-Cor, Inc., Lincoln, NE, USA) for total soil respiration (R total , mg CO 2 m -2 h -1 ). The roots were hand-washed to remove soil debris, blotted dry to remove surface water and placed into a cuvette in a temperature-controlled room (25°C) to equilibrate 30 min, and then measured for root respiration (R root , mg CO 2 plant -1 h -1 ). To account for soil microbial respiration (R mic , mg CO 2 plant -1 h -1 ), the gas fluxes from bare soil were measured. Rhizosphere microbial respiration (R rhizo , mg CO 2 plant -1 h -1 ) was calculated as:
R rhizo =R total -R root -R mic After respiration measurements, root tissue was dried and weighed for assessing root dry mass. The specific root respiration and specific rhizosphere microbial respiration (mg CO 2 plant -1 h -1 g -1 ) were defined as CO 2 generated by root respiration and rhizosphere microbial respiration per unit root dry mass and per unit time, respectively.
The soil CO 2 effluxes was sampled during 09:00-11:30 a.m. because soil respiration rate during this time interval was reported to be close to daily means and not changed (Janssens et al. 1998; Tang et al. 2006 ).
The belowground carbon allocation of crops (C total ) mainly has three components including root respiration, exudation, and biomass architecture (Kelting et al. 1998) . Carbon consumption of root respiration (C res , mg d -1 plant -1 ) was calculated as:
Where, 0.273 is the molecular weight percentage of C in CO 2 .
According to Helal and Sauerbeck (1986) , the utilization rate of root exudation by the rhizosphere microbial was 15%. So carbon consumption of root exudation (C exu , mg d -1 plant -1 ) was calculated as:
Carbon consumption of root biomass architecture (C mass , mg d -1 plant -1 ) was calculated as:
Where, ΔM is denoted as the difference of root dry biomass between two sampling date, and ΔT is denoted at time interval between two sampling dates (McCree 1986).
Yield formation
Whole plants were harvested at physiological maturity (~114 DAS), as determined by the complete loss of green color from the glumes. The plants were divided into grain, shoots (including leaves and husks), and then dried at 70°C for 72 h to constant weight. Water use efficiency for grain yield (WUE G ) was calculated as grain yield/ water use from sowing to maturity.
Statistical analysis
Analysis of variance (ANOVA) was used to assess the effect of P and water supply to root carbon consumption and grain yield of spring wheat. Treatment effects were determined by least significant difference at P<0.05. All statistical analyses were performed using the statistical package SPSS 13.0 (SPSS Institute, Chicago, IL).
Results
Root respiration and rhizosphere microbial respiration
Root respiration (R root ) of all treatments increased from shooting to flowering stages ranged from 4.50 to 8.61 mg CO 2 plant -1 h -1 (Table 1) . At the shooting stage, R root under 80-75% FC were significantly higher than that under 50-45% FC, the highest value was 6.47 mg CO 2 plant -1 h -1 with P3 under 80-75% FC. The same trend was also observed at the flowering stage; the highest value was 8.61 mg CO 2 plant -1 h -1 at P3 under 80-75% FC.
Rhizosphere microbial respiration (R rhizo ) of all treatments was also increased from shooting to flowering stages, ranged from 0.06 to 0.24 mg CO 2 plant -1 h -1 (Table 1) . At the shooting stage, R rhizo under 80-75% FC were significantly higher than those under 50-45% FC, the highest value was 0.24 mg CO 2 plant -1 h -1 with P3 under 80-75% FC. At the flowering stage, water supply had no significant effect on R rhizo . The results of specific root respiration rate and specific rhizosphere microbial respiration rate with treatments were shown in Fig.1 . At the shooting stage, the specific root respiration under 80-75% FC were significantly lower than those under 50-45% FC regardless of P rates. At the flowering stage, there was no significant difference among treatments ( Fig. 1-A) . The specific rhizosphere microbial respirations under 80-75% FC were always significantly lower than those under 50-45% FC regardless of P rates at both shooting and flowering ( Fig. 1-B ).
Root carbon consumption
Except of carbon consumption of root biomass architecture (C mass ), total carbon consumption of root (C total ), carbon consumption of root respiration (C res ), and root exudation (C exu ) increased from shooting to flowering stage (Table 2) . At the shooting stage, 51-54% of total carbon was consumed by root respiration, 3-11% was consumed by root exudation, and 39-46% was consumed by root biomass. At the flowering stage, 72-83% of total carbon was consumed by root respiration, 16-23% was consumed by root exudation, and 0-10% was consumed by root biomass.
Water supply did not significantly influence C total at the shooting stage. Under 50-45% FC, C total at P3 was significantly higher than other treatments. Under 80-75% FC, C total at P3 was significantly higher than at P1. The highest C total (5.82 mg day -1 plant -1 ) was observed under 80-75% FC at P3. At the flowering stage, C total under 80-75% FC were markedly higher than those under 50-45% FC. P supply had a similar effect on C total as what observed at the shooting stage. 
Plant height and leaf area
At the two growing stages, both water and P supply significantly increased plant height and total leaf areas. The highest value was observed at P3 under 80-75% FC at the flowering stage (Table 3) .
Grain yield, aboveground biomass and water use efficiency
Grain yields with P1 treatment were markedly higher than other P treatments under the two water supply conditions ( . 1 The specific root respiration rate (A) and specific rhizosphere microbial respiration rate (B) of spring wheat with different water treatments and phosphorus rates at shooting and flowering stages. Mean values followed by the same letters are not significantly different at P<0.05. Bars mean SE.
Table 2
Spring wheat carbon consumption of root respiration (C res , mg d -1 plant -1 ), root exudation (C exu , mg d -1 plant -1 ), root biomass architecture (C mass , mg d -1 plant -1 ), and total carbon consumption of root (C total , mg d -1 plant -1 ) with different water treatments and phosphorus rates (µg g -1 ) at shooting and flowering stages (38.7 g pot -1 ) was recorded at P2 at 80-75% FC, which was 2.5 times as many as that under 50-45% FC at P1 (15.3 g pot -1 ). Similar trends of treatment effects were found on aboveground biomass. Both water and P supply significantly increased aboveground biomass. The treatment of 80-75% FC at P2 had the highest value.
Water use efficiencies calculated in terms of grain yield tended to decrease as soil water deficit increased (Table 4) . P markedly affected water use efficiency only under 80-75% FC. The highest value consistently occurred under 80-75% FC at P2.
Discussion
R root under 80-75% FC were significantly higher than those under 50-45% FC (Table 1) , which supported the opinion that higher soil water content could ultimately result in greater root respiration rate (Gansert 1994; Bouma et al. 1997; Huang and Gao 2000) . R rhizo at P1 was significantly lower than at P3, which suggested that the supply of P affected R rhizo . According to Merckx et al. (1987) , the microbial growth in the rhizosphere was directly affected by the depletion of mineral nutrients. In the present study, P supply was benefit for the growth of rhizosphere microorganism, so R rhizo was enhanced.
More than 50% of photosynthetic product was consumed by root respiration, 51-54% at the shooting stage and 72-83% at the flowering stage (Table 2) , which is similar to previous findings under soil drying conditions (Lambers et al. 1996; Liu et al. 2004 Liu et al. , 2006 . A possible explanation is that more energy was needed for root maintenance rather than root system constructing (McCree 1986). Passioura (1983) found that plants would produce a large root system when soil water was limited. It was also evidenced that the alfalfa (Fan et al. 2005 ) and wheat (Song et al. 2009; Du et al. 2012 Du et al. , 2013 prefer to allocate more dry mass to root under water and/or P deficiency. The relative larger root system will contribute to their water and nutrient uptake according to "functional equilibrium" theory (De Willigen and Van Noordwijk 1987) . In order to maintain the large root system, more assimilates would be allocated to root resulted in an increase of root carbon consumption. But in the present study, C total under drought stress condition were lower than those under ample water condition. The highest C total (25.42 mg d -1 plant -1 ) was observed under 80-75% FC at P3, which indicated that combination of ample water and P application had a positive effect on improving the vigor of root growth. Therefore, spring wheat under 80-75% FC at P3 might allocate more assimilates to the root system, which was unfavorable to the improvement of grain yields.
At the flowering stage, negative values of C mass were observed under 50-45% FC at P1 and P2. The decrease might attribute to assimilates transportation from root biomass to aboveground biomass.
Plant height and total leaf area increased with the elevation of water and P (Table 3) , which suggested that spring wheat responded to the deficit of water and P by reducing plant height and leaf area. Nutrient and water limitations might change leaf morphology and biomass allocation. In order to adapt stress, plants under water stress will inhibit shoot growth to reduce water loss by transpiration (Blum Table 3 Spring wheat plant height (cm) and leaf area (cm 2 plant -1 ) with different water treatments and phosphorus rates (µg g -1 ) at shooting and flowering stages Table 4 Spring wheat aboveground biomass (g pot -1 ), grain number (spike -1 ), 1 000-kernel weight (g), grain yield (g pot -1 ), and water use efficiency (WUE G , g kg -1 ) with different water treatments and phosphorus rates (µg g -1 ) at shooting and flowering stages Pace et al. 1999) . Across the two water regimes, grain yield and aboveground biomass at P3 were notably reduced compared with those at P2 (Table 4) . However, total carbon consumption of root at P3 was higher than that at P2 (Table 2 ). Since P3 treatment provided a more suitable environment for root growth, carbon consumption of root increased and growth redundancy existed. Zhang et al. (1999) considered that growth redundancy should be cut down to increase grain yield. Any decrease in carbon consumption by the root system would potentially improve yields if the carbon was re-allocated to grains (Weiner 1990 ). The P2 treatment decreased carbon consumption of root, which resulted in a higher proportion of the photosynthesis product being allocated to increase grain yield. Previous studies had also shown that reducing the allocation of biomass to roots contributed to an increase in grain yield (Song et al. 2009; Qin et al. 2012) .
P-based fertilizers have contributed significantly to increasing crop yields in the past century, but the positive effect of phosphate fertilizer seems to be limited in semiarid areas because of low level of water availability (Li et al. 2001 ). In the present study, the grain yield at P2 was 24% higher than at P1 under 50-45% FC; but under 80-75% FC, the percent increased to 33%. The results suggested that drought stress reduced the ability of phosphorus to increase grain yield. Song et al. (2010) concluded that the decline of drought stress would increase the availability of P, which could contribute to seedling growth and nutrient status. Similar to the result of grain yield, the highest value of water use efficiency also occurred under 80-75% FC at P2, meaning that combination of sufficient water and rational P application could make effective use of soil moisture.
Conclusion
This pot experiment showed that the water and P supply significantly increased total carbon consumption and grain yield of spring wheat. Most assimilates allocated to root was consumed by root respiration. Rational P supply-might contribute to grain yield by decreasing root carbon consumption. We recommend that rational resources combination (80-75% of field water capacity and 44 mg P kg -1 soil) would be the optimal condition to spring wheat seedling growth, but higher P and drought stress should be avoided. Further studies should be conducted in the field further to clarify the relation between root carbon consumption and yield performance.
